This study was conducted to identify determinants of bone strength estimated by quantitative ultrasonography (QUS) at the calcaneus of Greenlandic Inuit women. A total of 153 Inuit women from Nuuk, aged from 49 to 64 years, participated in the first QUS measurement (year 2000) with an Achilles Lunar instrument (speed of sound (SOS); broadband ultrasound attenuation (BUA); stiffness index (SI)). A second measurement was performed two years later (year 2002) in 121 participants. Several factors known to be associated with bone strength were recorded at baseline for 118 of them. Determinants of QUS parameters were identified using an automatic (stepwise) selection of variables in linear regression. Significant determinants of baseline QUS measurements were age and body weight for all QUS parameters, height for BUA and SI, and hormone replacement therapy (HRT) use for SI. Significant predictors of follow-up QUS measurements were baseline QUS values, the smoking status and HRT use for all QUS parameters, omega-3/omega-6 PUFA content ratio of erythrocytes membrane phospholipids (BUA and SI), and menopausal status (BUA). Several modifiable dietary factors, such as a diet rich in omega-3 PUFAs and lifestyle factors (i.e., smoking, taking HRT), were shown to determine QUS parameters after a follow-up of two years.
Introduction
Inuit populations live in extreme climatic conditions and exhibit specific lifestyle and dietary habits, in particular their traditional diet that comprises large amounts of fish and marine mammal meat and fat [1] . Few data are available on the determinants of bone fragility in Inuit living in circumpolar regions. Bone fragility significantly increases the risk of osteoporotic fracture following minimal trauma, which may have serious public health consequences (mortality, morbidity, and health care costs), especially when the event occurs at a later age [2] .
Studies conducted during the 70's reported that Inuit experience an earlier onset and a greater bone loss with age, compared to U.S. Caucasians [3] [4] [5] [6] . Furthermore, cortical bone thickness in Inuit was also reported to be lower than in Caucasians [5] [6] [7] [8] . Thickness values follow a decreasing trend from Mongoloid groups of Umnak-Kodiak on the Bering Sea going eastward to Greenland, with a breaking point between Inupiaq and Yupik Inuit [9] . Histological analyses of the femur revealed that the Inuit possesses more osteons per surface unit than U.S. Caucasians, although osteons are similar in size [6] . The osteon remodeling pattern in Inuit also seems to differ from that in other populations [8, 10, 11] . In a descriptive cross-sectional study among peri-and postmenopausal Inuit women from Nuuk (capital of Greenland), Côté (SOS) , and the stiffness index (SI) were, respectively, 4%, 1.4%, and 9.5% lower in Greenlandic Inuit women compared to the southern Quebec women [12] .
Several hypotheses have been raised to explain the osteological features of Inuit, including their diet rich in animal proteins, phosphorus, and nitrogen and low in calcium [3, 4] , genetic factors, low sun exposure, and cultural factors [13] . A low dietary calcium intake, smoking, and the chronic use of oral steroids have been identified as major risk factors for low BMD at the calcaneus of Alaska Natives [14] . The shift toward a Western diet was associated with a significant reduction in vitamin D status in Inuit from Nuuk compared to Inuit with a more traditional diet living outside the capital [15] , which may have an impact on bone health. The omega-3 PUFAs from marine food, such as eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) and an elevated omega-3/omega-6 polyunsaturated fatty acids (PUFAs) content ratio in phospholipids of erythrocyte membranes were associated with increased BUA values in Inuit women from Nuuk [16] . In the study by Côté et al., age and plasma concentration of a mono-ortho substituted polychlorinated biphenyl congener (PCB 156), displaying some dioxin-like (DL) activity, was negatively associated with calcaneal QUS parameters in Inuit women from Nuuk, whereas positive associations were noted with body weight, hormone replacement therapy (HRT), and oral contraceptive uses [12] .
The technique of bone ultrasound measurement is simple, rapid, noninvasive, nonradioactive, inexpensive, and can be implemented with easy-to-use portable devices [17] . It is especially well suited to assess bone quality/strength in isolated communities, where the measurement of bone mineral density (BMD, g/cm 2 ) by dual-energy X-ray absorptiometry (DXA), the reference method for the diagnosis of osteoporosis according to the World Health Organization [18] , cannot be performed. Bone parameters measured by QUS reflect the intrinsic quality and biomechanical properties of bone and provide information complementary to that of BMD on bone strength [19] . Despite its advantages, the QUS method has seldom been used to estimate bone strength/quality in these remote areas inhabited by Inuit.
The main objective of this study was to identify the predictors of calcaneal QUS parameters measured after a followup of two years in Greenlandic Inuit women participating in a longitudinal study between 2000 and 2002, among a large number of factors recorded at baseline. As a secondary objective, we aimed to identify the determinant factors of bone parameters at baseline in 2000, using a cross-sectional study design.
Methods

Population.
A descriptive cross-sectional study was conducted during September 2000 in Nuuk (Godthab, Greenland, 64 ∘ N latitude), home to approximately 14,000 residents, in order to assess bone strength in peri-and postmenopausal Inuit women and identify its determinant factors, with a special focus on exposure to food-chain contaminants. Data collection was previously described by Côté et al. [12] . Inclusion criteria were: being a woman aged between 49 and 64 years and born in Greenland. A random sample of 200 women was drawn from the list of Statistics Greenland, which included 547 women who were potentially eligible. Among the 200 women, 7 died, 11 had moved, and 15 were outside the city at the time of the study (not for medical reasons). Finally, 167 women were invited to participate in the study, at the Primary Health Care Clinic of Queen's Ingrid Hospital in Nuuk. Eight of them refused and six were excluded because of diseases (HIV, mental illness, and influenza). Hence, 153 Inuit women participated in the cross-sectional study [12] .
Participants answered a questionnaire to document the most important factors affecting bone health during a faceto-face interview conducted in Danish. The questionnaire was adapted from that of the Mediterranean Osteoporosis Study [20] . Subsequently, the women participated in a clinical session that comprised blood sampling, anthropometric measurements, and QUS parameter determination at the right calcaneus. Out of the 153 participants, 148 had enough plasma collected to allow biochemical and toxicological analyses.
Two The instrument was calibrated daily using the acoustic phantom provided by the manufacturer. In vivo precision was assessed by repeated measurements conducted in 15 subjects: mean coefficients of variation (CV) were 0.8% for BUA, 0.2% for SOS, and 1.1% for SI measurements at baseline [12] . In vivo repeated measures for a 42-year-old woman conducted over a one-year period, prior to beginning the follow-up measurements, using the same equipment, yielded CV values of 1.4% for BUA, 0.2% for SOS, and 1.3% for SI.
Anthropometric Measurements.
Weight (kg), height, abdominal circumference, and hip circumference (cm) were measured using standardized techniques by research nurses.
Laboratory Analyses
2.4.1. Lipids. Omega-3 and omega-6 polyunsaturated fatty acids (PUFA) were measured in erythrocyte membrane phospholipids by gas liquid chromatography using a HP5890 gas Epidemiology Research International 3 chromatograph (Hewlett Packard, Toronto, ON) equipped with a HP8823 capillary column, a 7673A autosampler, and a flame ionization detector (FID). The analyses were performed at the Department of Nutritional Sciences, University of Guelph (Ontario) [12] . Erythrocyte membrane total omega-3 PUFAs and total omega-6 PUFAs contents were calculated and expressed as percentages of all fatty acids in membrane phospholipids. Total omega-3 PUFAs refer to the sum of the following fatty acids: alpha-linolenic acid (C18: 3n-3), eicosapentaenoic acid (C20: 5n-3), docosapentaenoic acid (C22: 5n-3), docosahexaenoic acid (C22: 6n-3), C18: 4n-3, C20: 3n-3, C20: 4n-3. Total omega-6 PUFAs refer to the sum of linoleic acid (C18: 2n-6), arachidonic acid (C20: 4n-6), C18: 3n-6, C20: 2n-6, C20: 3n-6, C22: 2n-6, C22: 4n-6, C22: 5n-6.
Plasma cholesterol and triglycerides concentrations (mmol/L) were determined by standard enzymatic procedures on an AutoAnalyzer II instrument (Technicon Instruments Corporation, Tarrytown, NY).
DL-PCB 156.
Concentration of DL-PCB 156 was measured in the plasma of participants using gas chromatography-electron capture detection (GC-ECD). The analyses were performed at the Toxicology Laboratory of the Institut National de Santé Publique de Québec (INSPQ, Canada), which is accredited under ISO 17025 by the Standards Council of Canada. The analytical method was described by Côté et al. [12] . CV based on repeated analysis of a standard reference material (SRM 1589, = 15) was 18.5%; the percentage of detection was 100% and the detection limit was 0.02 g/L [12] .
Questionnaire.
A questionnaire was administered to document sociodemographic variables (date and place of birth), lifestyle habits (smoking, yes/no; leisure time physical activity (LPA), inactive/active, yes/no; dairy product consumption (milk, cheese, yogurt) per day and during the last week, yes/no; calcium supplementation during the last month, yes/no; sun exposure over the majority of the body during last year, yes/no), gynaecological history (menopausal status, postmenopausal/nonmenopausal; parity, yes/no; total duration of breastfeeding (months); oral contraceptive use in the past, yes/no; HRT use, yes/no), medical history (major diseases), and personal history of fractures during adulthood (yes/no).
Women were considered postmenopausal if they had no menstrual period for one year before their recruitment in the study or if they had a bilateral oophorectomy for more than six months and/or a level of folliculo-stimulating hormone (FSH) > 40 IU/L.
LPA was documented as the weekly frequency of physical activity during leisure time lasting 20-30 minutes, averaged over the last three months [21] . The LPA variable was dichotomised with the inactive-low activity category corresponding to 0-2 times/week of LPA and the active category to LPA frequency ≥ 3 times/week.
The use of certain drugs during the last year (corticosteroids, heparin, Dilantin, Prednisone, and chemotherapy) and some medical conditions (Cushing's disease, rheumatoid arthritis, bone cancer, gastrectomy, renal or hepatic failure, and thyroid and parathyroid diseases) that are linked to bone loss constitute causes of secondary osteoporosis (CSO) [2] . CSO were deemed present if the participant answered positively to one of the elements listed above.
Statistical Analyses.
Descriptive statistics (mean, standard deviation, minimum, maximum for quantitative variables and numbers, and % per modality for categorical variables) were presented for the participants who participated in QUS measurements in 2000 and 2002. Comparisons of characteristics between participants in both QUS measurements and those who attended only the first measurement were carried out using the Student's -test for continuous variables. We tested differences between groups for categorical variables using the 2 test (if conditions were met) or the Fisher's exact test.
Pearson correlation coefficients were computed to test intercorrelations among QUS parameters. All variables documented at baseline were investigated if they were correlated with QUS parameters measured in 2000. Variables with avalue ≤0.20 in simple regression were retained and used as "candidate" variables in the predictive models.
Collinearity between "candidate" variables and the predictive models was investigated and redundant variables were removed. Box-Cox procedures were used to resolve problems encountered with the hypotheses of normality and/or homoscedasticity in the multiple linear regression models for the dependent variables SOS and SI, which were subsequently log-transformed.
Firstly, the variables documented in 2000 and related to bone quality were considered for inclusion in predictive models of QUS parameters measured concomitantly. Secondly, the same variables were considered for inclusion in predictive models of QUS parameters measured in 2002. QUS parameters determined at baseline were also considered for inclusion in the latter models. Variables were automatically selected using the stepwise method ( -value =0.10 to enter and -value =0.15 to exit).
We also calculated differences (Δ) in QUS parameters between the second (2002) and the first (2000) measurements for each participant, according to the following formula: ΔQUS = QUS year 2002 − QUS year 2000 . The percent change in QUS parameters that occurred over the two-year period was calculated as follows: ΔQUS% = (ΔQUS/QUS year 2000 ) * 100.
A value of <0.05 in a bilateral situation is considered statistically significant. All statistical analyses were performed using the SAS Version 9.2 software (SAS Institute Inc., Cary, NC, USA). 
Approval of the Research
Results
Characteristics of the Participants.
The characteristics of the 118 participants to both QUS measures are presented in Table 1 . At the time of recruitment (year 2000), our participants were between 49 and 64 years old, predominantly postmenopausal, sedentary, smokers, and had had children. Few participants claimed to have used oral contraceptives in the past and among postmenopausal women, few had taken HRT. A limited number of participants had sun exposure during the last year and were taking calcium supplements. All nine fracture cases were wrist fractures; one woman with wrist fracture also reported a vertebral fracture in adulthood. A third of Inuit women (41/118) had a small stature (i.e., <153 cm), a condition that can be associated with osteoporosis [22] . The majority of participants (83/118) had an abdominal circumference ≥ 88 cm, which defines abdominal obesity in women [23] , a condition associated with an increased risk of developing serious health problems such as type II diabetes, coronary heart disease, and hypertension. Regarding the body mass index (BMI) [23] Table  3) 
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Discussion
This longitudinal study identifies determinants of bone strength/quality, as measured by QUS parameters, in periand postmenopausal Greenlandic Inuit women. We found that after a two-year follow-up, lower QUS measures were predicted by smoking and postmenopausal status, whereas past HRT use and an elevated omega-3/omega-6 PUFA content ratio in erythrocyte membranes is predictive of higher QUS values. Baseline QUS measures, the strongest determinants of QUS measures after a two-year follow-up, were themselves determined by age, past HRT use, body weight, and height.
Most predictors of QUS values identified in the present study were also shown to influence bone quality parameters in other populations. Several studies have reported that QUS parameters measured by ultrasound at the calcaneus decrease significantly with age [12, [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] . Height [28, 29] and body weight [12, [27] [28] [29] [32] [33] [34] were also often found to be positively correlated to QUS parameters measured at the heel. According to Babaroutsi et al. (2005) , overweight (BMI ≥ 25 kg/m 2 ) or obese (BMI ≥ 30 kg/m 2 ) women display significantly higher BUA values (measured with a SAHARA instrument) than women with normal BMI, regardless of their age group [34] . While obesity seems protective against osteoporosis, results from recent epidemiologic and clinical studies indicate that a high body fat level might constitute a risk factor for osteoporosis and fragility fractures [35] . The body fat mass was not measured in our participants. In our study, almost a third of women were considered obese according to the international criteria of BMI. While BMI is an index used frequently in the general population, the measure of obesity based on BMI is not appropriate among Inuit, due to their higher sitting height [36] . The impact of obesity on metabolic indicators such as plasma lipids and blood pressure in Inuit is lower than in other Euro-Canadian populations [36, 37] . Several studies have reported that QUS parameters measured at the calcaneus significantly decrease in women going through menopause [24, 25, 30] . Smoking was also identified as a risk factor for decreased bone quality as determined by ultrasonography at the heel [26, 27, 31, 38, 39] . Current or past HRT use has been positively associated with QUS parameters [12, 26] . Women participating in the Epidemiological Study on the Prevalence of Osteoporosis, who took HRT for more than a year, had significantly higher SI values compared to those of nonusers, and differences remained significant even 20 years after menopause [27] . HRT use for more than 3 years was associated with higher QUS values compared to those measured in nonusers [40] . In the EPIC-Norfolk cohort, BUA values (measured with a CUBA instrument) in women with past HRT use exceeded those of nonusers by an average of 5 dB/MHz [39] .
Results of our predictive modelling approach corroborate the positive association previously reported in an explanatory study between increased omega-3/omega-6 PUFA content ratio in erythrocyte membranes and BUA values in Greenlandic Inuit women [16] . The content of omega-3 PUFA in erythrocyte membranes reflects dietary omega-3 PUFA intake. EPA and DHA content of erythrocyte membranes increased with the frequency of 3 or more fish meals per week among the Inuit women of Nuuk ( = 0.0018) [16] . Results from in vitro studies, laboratory animal experiments, and human studies suggest a beneficial effect of omega-3 PUFAs and low omega-6/omega-3 PUFA ratio on bone health and osteoporosis [41] [42] [43] .
Côté et al. previously reported that the plasma concentration of DL-PCB 156 was negatively associated with calcaneal QUS parameters in 153 Inuit women from Nuuk [12] . In the current cross-sectional and longitudinal study, DL-PCB 156 concentration measured at baseline was not a determinant of QUS parameters values measured concomitantly or after a two-year follow-up. Also in contrast to the previous results [12] , past oral contraceptive use was not found to be a significant predictive factor of QUS parameters. Côté et al. 's study was explanatory and focused exclusively on organochlorine compounds as the main exposure variable; only four adjustment factors (age, body weight, oral contraceptive, and HRT use) were considered in the multivariate models.
Some determinant factors were associated with either BUA or SOS, but not with both parameters. Height was a Automatic selection of variables by the stepwise method (entry value of 0.10 and exit value of 0.15). "Candidate" variables in the predictive model were age, height, body weight, waist circumference/hip circumference ratio, ratio omega-3/omega-6 PUFA (or % omega-6 PUFA), DL-PCB 156, total breastfeeding duration, menopausal status, oral contraceptive use, HRT use, smoking status, calcium supplement use, sun exposure, and consumption of dairy products ("candidate" variables were measured at baseline (year 2000) and all these variables in simple linear regression for QUS year 2000 models had a value ≤0.20). b The same determinants were identified in a predictive model that comprised a greater number of "candidate" variables, for example, variables listed in note a plus eight variables with a value >0.20 in simple regression models. This model included only 101 participants for whom dataset was complete. "Candidate" variables in this predictive model were age, height, body weight, waist circumference/hip circumference ratio, % omega-6 PUFA, DL-PCB 156, total breastfeeding duration, menopausal status, oral contraceptive use, HRT use, smoking status, calcium supplement use, sun exposure, consumption of dairy products, and total cholesterol, total triglycerides, % omega-3 PUFA, personal history of fracture, LPA, CSO, parity, and alcohol intake. All "candidate" variables were measured at baseline (year 2000).
a statistically significant determinant of BUA but not SOS at baseline (year 2000). Omega-3/omega-6 PUFA ratio and menopausal status were determinants of BUA but not SOS at follow-up (year 2002). SOS is the ratio of propagation distance to the pulse transit time across bone. BUA is the rate of attenuation in the acoustic energy across a broad range of frequency; this attenuation is due to the absorption and scattering of ultrasound in the bone, marrow, and soft tissue. Although both SOS and BUA parameters provide information on bone strength, they do not reflect exactly the same bone properties (microarchitectural parameters, bone geometry and composition, or elastic properties) [19, 44] . This may explain the differences observed among the identified predictors. SI, a composite parameter that combines BUA and SOS, appears more useful than the individual parameters for a global evaluation of bone strength determinants.
QUS can evaluate quantitative factors known to be associated with bone strength that are not assessed by DXA, such as cortical thickness, microarchitecture (bone geometry, trabecular orientations), material properties (i.e., bone size, bone mineral content, degree of mineralization, and porosity), and bone elasticity [19, 44] . Bone strength and elasticity determine bone resistance to fractures. Recent studies reported that bone parameters measured by QUS at the calcaneus can predict fractures as effectively as DXA in postmenopausal women and men aged 65 years and older [18, 45] . Values of QUS parameters are generally lower in osteoporotic patients than in healthy subjects [46] . However, it remains unclear 8 Epidemiology Research International The same predictive variables were identified in a predictive model that comprised a greater number of "candidate" variables: SOS (log) year 2000 , age, height, body weight, waist circumference/hip circumference ratio, % omega-6 PUFA, DL-PCB 156, total breastfeeding duration, menopausal status, oral contraceptive use, HRT use, smoking status, calcium supplement use, sun exposure, consumption of dairy products, and total cholesterol, total triglycerides, % omega-3 PUFA, personal history of fracture, LPA, CSO, parity, and alcohol intake. All "candidate" variables were measured at baseline (year 2000). This model included only 101 participants for whom dataset was complete. c The same predictive variables were identified when all "candidate" variables were included in the predictive model (BUA year 2000 and the other variables listed in note b ; = 101). When % omega-3 PUFA and % omega-6 PUFA were included as "candidate" variables instead of the omega-3/omega-6 PUFA ratio, the % omega-3 PUFA was significant ( = 0.0049; as to what elements evaluated by QUS truly correlate with measures of bone strength; a fundamental understanding is still lacking [47] . Differences exist also between the various QUS devices and skeletal sites measured [18] .
Considerations Regarding Our Study.
The main advantage of our study is its longitudinal design with repeated measures of QUS parameters two years apart. Causal inference is supported by the fact that exposure factors were measured in 2000, prior to QUS parameter measurements in 2002. In addition, the type of sampling and recruitment allows for generalising our results to the population of Inuit women aged 49 to 64 years living in Nuuk (Greenland). Our study also benefits from the inclusion of a relatively large number of factors known to be associated with bone strength. Measurement biases in QUS parameters are relatively unlikely. None of the participants had suffered a fracture and none showed oedema of the foot. The temperature of the water bath was constantly monitored and that of the foot verified prior to conducting measurements, because it is known that the temperature of the skin and soft tissue may affect SOS values [18] . Furthermore, data collection in the field (ultrasound measurements, anthropometric measurements) and blood sampling were performed by research nurses using standardized techniques. All laboratory analyses were carried out using standardized methods.
However, our study has some limitations. From the outset, the number of participants of the first QUS measure was low. The percentage of participants lost to follow-up in 2002 was important (20%), which might lead to a selection bias. However, being lost to follow-up was neither related to bone fragility nor to exposures. Women who did not participate in the second bone measurement in 2002 were not different from those who participated in both measures for all factors investigated.
Some potential predictors of bone quality documented by questionnaires may not have been properly assessed. For example, regarding exposure to sunlight as a source of vitamin D, only one question was asked to inquire about any occurrence of whole-body exposure during the last year. The frequency of sun bathing per week, the time of day, or the season during which exposure occurred [48] were not assessed, which may have led to exposure misclassification. The assessment of LPA considered only the frequency of activities; no information was collected on the type of activity performed or its intensity. COS comprised several different diseases and medications [2] , without the possibility of distinguishing between different categories because the numbers were too small in each of them. Finally, questions on dietary supplementation covered only calcium and not vitamin D supplements.
In conclusion, even over a short period of two years, significant decreases in QUS parameters were observed in this group of mostly postmenopausal Inuit women. QUS parameters measured two years apart were predicted by a number of modifiable factors, including dietary and lifestyle habits. Reducing smoking prevalence and promoting the traditional diet rich in omega-3 PUFA may improve bone strength of women in this population.
